Abstract-This paper reviews some of the arrangements and connection requirements for a permanent-magnet generator. It illustrates the importance of winding reactance minimization when using a diode bridge rectifier. It uses modern CAD methods to design a small PM generator and verifies the performance using simulation software. The design is modified to improve the generator size. This highlights that increasing the electrical loading in an attempt to reduce the generator size can lead to a large reduction in power factor, where a controlled rectifier would have to be used instead of a diode bridge rectifier.
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Index terms-permanent magnet generator, diode bridge I. INTRODUCTION There is much literature that details the design of small 3-phase brushless permanent-magnet motors. These utilize a shaft encoder or Hall probes depending on whether it is a.c. or d.c. control. This will ensure that the current is maintained on the q axis or an appropriate advance (for field weakening). It is possible to control the machine in a similar fashion when generating. In this situation power flows out of the machine terminals whereas reactive power flows into the machine to supply the VAr requirement of the synchronous (or phase) reactance [ 1] [2] .
However, this is often too complicated for many small generator applications (such as small wind turbines) and the use of a diode bridge is preferable, often with some capacitor compensation across the generator terminals [3] [4] [5] . A d.c. to d.c. chopper, battery and inverter can then be used to condition the power and provide a stable output. This requires good output regulation from the machine, i.e., minimization of the synchronous reactance. It is not a simple matter of utilizing a standard brushless permanent magnet motor. Many designs use coreless designs to reduce the synchronous reactance. In addition axial flux machines are utilized in these applications [6] and also torus machines [7] . In stand-alone diesel generators, the speed is fixed and the machine can be connected directly to the load with a VAr compensator connected in parallel with the load to regulate the voltage [8] . More standard radial-flux machines can be used in permanentmagnet generators and several designs have been reported [9] [10]. They are often required to be low speed in nature [11] and be modular [12] .
One of the main applications for the permanent magnet generator is the wind turbine. Many smaller systems are direct drive since they operate at higher turbine speeds while large turbines operate at much lower speeds via a gearbox. It is possible to use direct drive in large turbines and the different systems were reviewed in [13] .
The paper will review the systems that are utilized in small systems then set out the design of a radial-flux brushless permanent-magnet generator and simulate the machine in conjunction with a 3-phase bridge rectifier. This process will utilize SPEED motor design software and also Portunus system simulation.
II. LOAD REQUIREMENTS
It is first worth reviewing the load requirements for a generator in order to assess the performance. Grundfos, Denmark). The machine was rated at 2.5 Nm at 3000 rpm. The motor parameters are given in Table I . The machine can be modeled in a simulation package to represent the system. This is shown in Fig. 4 E. Diode Bridge Operation In the previous section it was assumed that a controlled rectifier was used. This can be a complex system. The current has to be maintained on the motor q-axis. The reactance of the machine is quite low so we can now investigate the performance when a simple diode bridge is used. A diode bridge effectively acts as a load resistor so cannot supply any reactive power to the machine.
The system is shown in Fig. 7 . This includes the fifth voltage harmonic in the back-EMF and also the phase resistance and inductance. The diode bridge includes diode voltage drop. SPEED PC-BDC design package. The winding layout is shown in Fig. 10 . To size the machine the various Ranging exercises were conducted for a variety of parameters. This means that parameters were varied (or "Ranged") from one value to another and simulations conducted at set points. III. GENERATOR DESIGN The paper has so far examined the operation of a permanent magnet motor when used as a generator under different conditions. We will now investigate the design of a radial-flux permanent magnet machine aimed at use in a small wind turbine application utilizing a Darrius design. The required operating specification is shown in Table III. The rated torque is 110 Nm. For a brushless permanent magnet machine, let us assume a torque per rotor volume of 30 kNm/m3, which gives a sheer stress of 15 kNm/m3. This is a typical mid-range figure for this type of machine [14] . The rotor volume is therefore 3.7 x 10-3 m3. To size the machine then assume an axial length to pole pitch of 1.5:1 (this is a better indication to the length of the machine rather than the axial length to rotor radius) which leads to a length to rotor radius ratio of 1:3.39. This gives an axial length of 46 mm and diameter of 316 mm. The rotor volume is then 3.6 x 10-3 m3.
This prodcues the machine shown in Fig. 9 where the more detailed sizing and winding definition has taken place using the Some key parameters that were ranged were the magnet length, tooth width, slot dept, winding thickness and several others. The main issues to address are the power factor and efficiency. The efficiency can be maximized simply by using reducing the copper loss. This involves sizing the slots and wire correctly. The performance figures at 87.5 rpm and 350 rpm are given in Table IV . An example of the Ranging is shown in Fig. 11 where the magnet thickness is ranged and the output power (which is negative due to the default use of the motoring convention) and efficiency are inspected. It can be seen that a magnet thickness of about 4 mm offers about the best solution -beyond this the iterative increase in power is limited while the change in efficiency is negligible. 
B. External Rotor Re-Design
This machine is suitable for inverting so that the rotor spins around the stator. This would be suitable for matching to the turbine. This has the effect of producing a more compact machine that uses less material. A direct inversion is shown in Fig. 12 . This gives almost identical performance. To maintain the same tooth width then the slots do become narrower so that their depth has to be increased. The internal diameter is now 200 mm (internal rotor = 276 mm) and external diameter 322 mm (internal rotor = 400 mm). The axial length is kept at 46 mm and the airgap diameter at 300 mm. The weight of the steel is reduced from 14.8 Kg to 10. 4 Kg while there is a marginal increase in magnet weight and marginal decrease in copper weight. In addition, attaching surface magnets to a rotor can sometimes be difficult. The external rotor simplifies this since the centripetal force of the magnets is into the rotor core rather than away. 
C. Diode Bridge Operation
The machine specified in Section III.A can be connected to a diode bridge rectifier. It was initially deigned as a low voltage machine so that at the low-end speed (87.5 rpm) the back-EMF is 45.7 V at 23.3 Hz. The winding inductance is 20.3 mH while the phase resistance is 0.68 ohm. Taking the rated phase current as 7.07 A then an equivalent per-phase load resistance of 5.08 ohm would deliver rated current and 756 W of power (compared to 857 W from PC-BDC simulation when the current is on the q axis). The PC-BDC simulation includes an iron loss of about 11 W which can be subtracted from the power delivered giving about 745 W. This means there is a 13 00 drop in power. However, using the Portunus model for the diode bridge then it is found from (5) and (6) kNm/m3 for a totally enclosed motor and high performance servo. Therefore let us assume that the TRV can be increased to 45 kNm/m3 with the axial length maintained at 46 mm. This would reduce the airgap diameter to 266 mm. However, these guidelines are really aimed at low pole number motors, where the rotor is magnetic steel apart for a shaft and magnets. In high pole number machines the rotor is essentially hollow and these guidelines break down. The derived machine is shown in Fig. 13 . The number of parallel turns has to be increased to account for the increased electric loading so that the slot area has to be increased. The output power at a current of 13.4 A is 733 W at 74.2 00 efficiency. The power factor is very low at 0.3. Because the airgap diameter is reduced then the torque for a given airgap sheer stress is less. Therefore the electric loading has to be increased (i.e., the current) to compensate. This has two effects. It increases the copper losses so that the efficiency decreases and it also increases the p.u. voltage drop across the phase reactance so that the power factor decreases. This will affect the operation in conjunction with a diode bridge rectifier. The phasor diagram with the current on the negative q axis (i.e., generating) is shown in Fig. 14 Fig. 10 and the coils are series connected. It can be seen that the external rotor machine is more compact than the internal rotor machine but gives almost identical performance. Both have low p.u. phase reactance so offer reasonable performance when used in conjunction with a diode bridge rectifier. However if the machine is further compacted then the electric loading has to be increased to the point where the power factor is poor and diode bridge rectification is not suitable. IV. CONCLUSIONS This paper illustrates simple steps that can be used to obtain a design for a suitable generator for a small wind turbine. It is split into two sections. The first section studies the performance of a brushless motor (designed for use in a water pump) when utilized in a generator application. This is a modem high-efficiency design with a low phase reactance and good power factor. The second section shows the design of a low-speed generator. Basic design principles are followed to realize the geometry and it is illustrated that an external rotor machine is more compact. An attempt was made to further compact the machine by reducing the diameter and increasing the electrical loading but it was found that this led to reduced efficiency and power factor. This was to the extent were a diode bridge rectifier load is inappropriate and a fully controlled rectifier would have to be used.
